ABSTRACT We used our established experimental model of revision joint replacement to examine the roles of hydroxyapatite coating and bone graft in improving the fixation of revision implants. The revision protocol uses the Søballe micromotion device in a preliminary 8-week period of implant instability for the presence of particulate polyethylene. During this procedure, a sclerotic endosteal bone rim forms, and a dense fibrous membrane is engendered, having macrophages with ingested polyethylene and high levels of inflammatory cytokines. At the time of revision after 8 weeks, the cavity is revised with either a titanium alloy (Ti) or a hydroxyapatite (HA) 6.0 mm plasma-sprayed implant, in the presence or absence of allograft packed into the initial 0.75 mm peri-implant gap. The contralateral limb is subjected to primary surgery with the same implant configuration, and serves as control. 8 implants were included in each of the 8 treatment groups (total 64 implants in 32 dogs). The observation period was 4 weeks after revision. Outcome measures are based on histomorphometry and mechanical pushout properties. The revision setting was always inferior to its primary counterpart. Bone graft improved the revision fixation in all treatment groups, as also did the HA coating. The sole exception was revision-grafted HA implants, which reached the same fixation as primary Ti and HA grafted implants. The revision, which was less active in general, seems to need the dual stimulation of bone graft and HA implant surface, to obtain the same level of fixation associated with primary implants. Our findings suggest that the combination of HA implant and bone graft may be of benefit in the clinical revision implant setting. 

Strong anchorage of orthopedic implants is critical to their long-term success. Moreover, clinical studies suggest that the anchorage should be achieved immediately after surgery, since the quality of the initial fixation predicts later failure (Linder 1994 , Kärrholm et al. 1997 . Therefore, implantation conditions that promote immediate and strong anchorage are desirable. This is particularly important for revision surgery, in which healing is slower and the bone stock less robust.
Implant coatings, such as hydroxyapatite (HA), have been studied experimentally (in the primary setting) and in human clinical trials (in both the primary and revision settings) (Bolander 1992 , Søballe et al. 1993a , Kärrholm et al. 1994 , Nelissen et al. 1998 , Önsten et al. 1998 , Thanner et al. 1999 , Toksvig-Larsen et al. 2000 . HA has been found to improve the shear strength of implants, and increase the bone in contact with and adjacent to the implant. Under stable conditions, HA can prevent the formation of an intervening fibrous membrane and, under unstable conditions, it has been shown over time to convert a motioninduced fibrous membrane into bone. In clinical
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The effects of hydroxyapatite coating and bone trials using radiostereometric analysis (RSA), HA reduces maximum total-point motion for knee and hip replacement implants (Søballe et al. 1993a , Kärrholm et al. 1997 , Nelissen et al. 1998 ). This suggests that HA implants achieve early bony anchorage, with minimal fibrous membrane.
Allograft has also been shown to be successful in securing the anchorage of an implant (Søballe et al. 1992a , Turner et al. 1993 , McDonald et al.1988 . Its use in conjunction with HA coatings in the revision setting (in comparison with the primary setting), however, has not been experimentally evaluated under controlled motion and loading conditions.
In this study we evaluated the use of HA and allograft in primary and revision settings. Performance was evaluated as regards mechanical and histomorphometric parameters. We employed our controlled model of primary and revision implantation conditions, using our micromotion device which had been developed for the study of implant anchorage (Bechtold et al. 2001a (Bechtold et al. , b, 2002 .
We hypothesized that: Mechanical and histomorphometric parameters describing implant anchorage are: a) Lower with revised implants than with primary ones; b) Higher with allograft than with implantation having no allograft (in primary and revision conditions); c) Higher with hydroxyapatite than with titanium alloy (in primary and revision conditions).
Material and methods

Controlled motion device
A controlled micromotion device with more than a decade of previous studies (Søballe et al. 1992b (Søballe et al. , c, 1993b ) was used to generate the primary and revision settings, as shown in detail below. This study was approved by our institutionʼs Animal Care and Use Committee, and was performed in our AAALAC accredited animal care facility. The controlled motion device consists of a 6-mm diameter cylindrical implant which axially pistons 500 microns in a 0.75 mm circumferential gap, when loaded. This device is inserted into the distal medial femoral condyle of a dog, and is loaded when its knee is flexed. The internal spring restores the piston to its original position when the knee is unloaded. Stable conditions for the implant are established when it initially has no spring, or when previous pistoning is blocked by a stabilizing spacer.
Implant surface and material
Plasma-sprayed HA and plasma-sprayed titanium alloy (Ti) implant coatings were used. The cylindrical implants were nominally 6.0 mm in diameter with an overall length of 10 mm. Ti implants consisted of a solid Ti-6Al-4V alloy core with a coating of Ti-6Al-4V deposited by plasma-spray technique, resulting in a pore size of 200-1000 μm at the substrate and the surface of the coating, respectively (Søballe 1992b (Søballe , c, 1993 . HA-coated implants had a 50-70 μm layer of spray-dried synthetic HA (Ca/P ratio 1.64-1.70) deposited by plasma-spraying technique on a Ti porous-coated implant. X-ray diffraction analysis showed pure hydroxyapatite with no trace of tricalcium phosphate.
The surface roughness (Ra) of Ti-and HAcoated implants was determined using a roughness meter (Perthen, Hannover, Germany) with a stylus tip radius of 3 μm. Ra was 41 μm on HA and 47 μm on Ti implants. The profile depth was also measured and shown to be 445 μm for HA and 496 μm for Ti implants.
All implants were sterilized by gamma irradiation (35 kGy of Co-60 for 14 h, Risø National Laboratory, Roskilde, Denmark).
Allograft
Allograft was prepared under sterile conditions from pooled canine humeral heads immediately after they had been sacrificed for other studies. All cartilage was removed from the articulating surface, and a bone mill (fine setting, 3M, St. Paul, MN) made fine chips. The minced allograft was pooled and mixed before being divided into 0.25 g portions, which were individually frozen at -20 °C. Allograft was thawed for 1 hour before use. It was tightly packed into the peri-implant gap with a specially-designed tool having a thin curved blade. For consistency, all graft compaction was performed by a single surgeon.
ing. Implant displacement and proper functioning were verified intraoperatively with a custom spring gauge. Soft tissues were closed routinely, and anteroposterior and lateral radiographs were taken immediately. After a recuperation period of about 3 days, the dogs were housed 2 per cage, and allowed unlimited cage activity in 24 square-foot runs. Their hind-limb function was assessed and noted daily, to ensure they were regularly loading their implants. They were also allowed 2 hours a day of free exercise.
Protocol for loosening implants-revision setting
Our controlled protocol for loosening implants, used to establish a revision setting is described in detail elsewhere (Bechtold et al. 2001a, b) . Briefly, this protocol creates tissue and environment conditions that are representative of loosened human implants (dense fibrous tissue, macrophages with intracellular polyethylene (PE), sclerotic endosteal bone rim (SEBR), an increase in inflammatory cytokines and a decrease in anabolic cytokines).
The primary and revision settings are engendered by first subjecting one knee to an established loosening protocol. This consists of an 8-week period with an unstable (pistoning) polymethylmethacrylate (PMMA) implant pistoning 500 microns in the presence of particulate PE ( Figure  1 ). The molded PMMA implant represents a loose cement mantle.
Polyethylene particles were injected around and in the gap surrounding the implant at the time of insertion. The particles consisted of 85% of highdensity polyethylene, having a mean diameter of 2.09 (0.2-11) μm, and 15% of an ultra-high molecular weight polyethylene resin, having a mean diameter of 30 (10-50) μm on a sphere; Hoechst Celanese Corporation, Houston, TX). They were obtained from industrial sources, and were not retrieved from human implantations or produced during wear simulations. The number of particles injected around each implant was 5 × 10 7 , in a volume of 200 mm 3 (Goodman 1994 , Lalor et al. 1999 . They were sterilized and suspended via manual mixing in 0.27% sterile synthetic hyal- 
Surgical procedure
The dogs were placed under general anesthesia, sterile technique was used, and perioperative antibiotics given (Keflex: 1 g i.v. pre-operatively, 1 g intraoperatively, and 1 g every 8 hours for 1 day). Following medial arthrotomy, the weight-bearing portion of the medial femoral condyle was identified during flexion. A guide wire was inserted in a 2.1-mm hole, spatially oriented under fluoroscopic control, to pass through the weightbearing articulating surface and remain in the central portion of the condyle. A cannulated hand-drill created a deep cavity (6 mm in diameter by 10 mm in length) and a superficial cavity (7.5 mm in diameter by 20 mm in length), with the most superficial 4 mm being tapped. The PMMA implant and polyethylene cap were screwed onto the distal portion of the threaded piston and manually adjusted to the minimal protrusion that would cause full cylinder displacement during load-uronic acid (LifeCore Biomedical, Minneapolis, MN) before injection. The volume of hyaluronic acid in the syringe was chosen so that the implant gap would be completely filled. Any minimal spillover was removed with sponges. The surgical site was not further lavaged or irrigated.
After the 8-week period establishing the revision setting, the knee was revised by removing the PMMA implant, scraping and lavaging the revision cavity, and then reinserting randomly a Ti or HA implant. During the same setting, a primary implant was inserted in the contralateral knee. In this way, the primary and revision implants were paired, and underwent the same surface/graft treatment combination.
Treatment and control groups
32 skeletally mature dogs were included (20-25 kg, 12-14 months) in this study. They were randomly allocated to receive either a HA or Ti plasmasprayed implant, and to have either grafted or ungrafted gaps (n = 8 per group; total 64 implants). The right knee received a revision implant and the left knee the control primary implant. Treatment groups had HA-coated implants, with or without an allograft. Control groups had Ti implants, with or without an allograft. The implants in all groups were stable and loaded.
Outcome measures
Anteroposterior and lateral radiographs were taken after sacrifice. The knees were surgically exposed, and joint fluid and bacterial cultures were taken from the joint. The distal femur was removed and frozen at -20 °C. The implant and surrounding bone was cut into two pieces perpendicular to the implant, using a water-cooled diamond band saw (EXAKT, Norderstadt, Germany). The distal medial condyle was aligned transversely to the long axis of the implant, through a predrilled alignment cannula on the implant. One transverse block was used for pushout testing and was stored frozen at -20 °C. The other block was used for histomorphometry, and its preparation is described below.
Quantitative histomorphometry
The specimens were fixed in 70% ethanol, dehydrated in graded ethanol (70-99%), embedded in methylmethacrylate, and ground and polished (EXACT-Micro Grinding System) to a thickness of 50 μm. The ground sections were stained with basic fuchsin and counterstained with light green. To verify that the polyethylene particles were retained in the peri-implant space, polarized microscopy was used.
The procedure was performed blindly and in a random order with a microscope feeding an image to a computer via a video camera using two techniques (a method derived from the linear intercept technique, and a standard digitizing method). Histomorphometric measurements were partitioned into 2 zones: zone 1 was defined as extending from the implant to 50% of the drill gap; zone 2 as extending from 50% of the gap to 95% of the original drill gap.
Linear intercept method (Figure 2 ). Rays originating at the center of the implant were tracked every 10 degrees at 2× magnification. Transitions between bone and fibrous tissue along the ray were identified. This method was used to estimate, for each zone, the percentage bone area (percentage of measured bone compared with total length of ray).
Digitizing method. This analysis was done at a BioQuant Workstation (R&M Biometrics, Nashville, TN). The analysis quantified the amount of bone in two zones in the gap according to the same parameters as the ray method, by tracing features of interest on the video screen. It was also used to quantify the percentage of bone in contact with the implant. BioQuant software translated these tracings into the histomorphometric parameters. 
Mechanical parameters, interfacial shear strength, stiffness and energy
The distal transverse section was kept frozen at -20 °C, and was thawed before pushout testing. The pushout tests were done with a universal test machine (Instron Ltd.). The specimens were placed on a metal platform with a central circular opening supporting the bone to within 500 μm of the interface. A metal rod was placed in the upper holding device for the axial pushout test of the implant from the surrounding tissues. A displacement rate of 5 mm/min was used for all tests and load-deformation curves were obtained. Ultimate shear strength, and apparent shear stiffness were estimated from the load-displacement curves (Søballe et al. 1992b (Søballe et al. , 1993b .
Statistics
Paired t-tests, using pooled variance criteria, were employed in the within-dog comparisons for the primary setting as compared to the revision setting, following consultation with a biostatistician. Unpaired t-tests, using separate variance criteria, were employed for group comparisons between the various treatment groups (Ti or HA implants with or without a bone graft). A normal distribution was determined with a Q-Q plot of the data. 
Results
All bacterial cultures were negative. Histomorphometric findings are shown in Table 1 and Figure  3 , and mechanical interfacial shear properties in Table 2 . These findings were compared as regards the (a) primary vs. revision setting, (b) presence of bone graft, and (c) implant surface.
Primary versus revision
In all histomorphometric and mechanical parameters investigated, the magnitudes of the revision setting were smaller than the magnitudes of the primary setting. The sole exception was grafted revision HA implants, which had the same shear strength and stiffness and bone area as grafted primary implants.
Revised implants-in particular, those without a bone graft-had about half the shear strength and shear stiffness as the corresponding primary implants. However, revised HA implants and primary HA implants having a bone graft, maintained similar magnitudes for shear strength and shear stiffness. In contrast, revised Ti implants with a bone graft had lower shear strength and stiffness than primary ones. Histomorphometric parameters showed the same trend.
Bone graft
For all histomorphometric and mechanical parameters investigated, grafted implants were better than ungrafted ones. The sole exception was grafted revision HA implants, which had the same values as grafted primary ones. Bone graft had the greatest effect on Ti implants (however, Ti implants were still worse than HA). Bone in contact with grafted primary Ti implants was 60-fold better than ungrafted primary Ti implants. Bone was found in contact with grafted revised Ti implants, unlike ungrafted Ti implants which had only fibrous membrane adjacent to the titanium alloy surface.
Hydroxyapatite versus titanium alloy
In all histomorphometric and mechanical parameters investigated, the magnitudes of HA were higher than those of Ti. The sole exception was the grafted revision HA implants, which had the same values as grafted primary implants.
In the absence of a bone graft, we found a 30-fold increase of bone in contact with primary HA implants as compared with primary Ti implants. The shear strength of HA implants increased 5-6 fold more when ungrafted, and up to 3-fold when grafted, as compared with the corresponding Ti implants.
Discussion
We found that HA combined with bone graft improved the fixation of revision implants (i.e., revised HA-coated grafted implants acquired the same quality of fixation of primary Ti-or HAcoated grafted implants). HA implants alone and bone graft alone were each found to improve fixation incrementally in the revision setting, but only the combination of HA and graft induced the same degree of fixation as primary implants. Although an HA coating is known to improve fixation of primary implants, to our knowledge our study is the first to evaluate its usefulness in a controlled model of revision implants.
The increase in fixation of HA-coated implants in our series accoards with the view that some of the HA surface is dissolved and that Ca ++ and PO 4 ions are released and taken up by the surrounding cells, andmay increase bone formation (van Blitterswijk et al. 1985 , Ducheyne et al. 1990 ). In vitro studies have shown morphological changes and an increase in cell proliferation and DNA synthesis in cultured fibroblastic and human bone cells when HA particles were added to the culture (Gregoire et al. 1987) . The HA particles were found to be phagocytized by the fibroblastic cells within 24 h, and the changes in fibroblastic behavior may have been caused by release of Ca ++ ions from the phagocytized HA particles because ionic calcium acts as a mediator and regulator in many cellular functions.
We found that bone-grafted implants were consistently better than their ungrafted counterparts. This has been previously shown in unloaded primary implants with fresh-frozen allograft (Søballe 1992b) . The effectiveness of bone graft may be related to how it is incorporated in the surrounding bone. The early phases of incorporation (inflammation, revascularization and osteoinduction) occur rapidly (Goldberg 1987) . Mesynchymal cells of the host are recruited to differentiate into osteoblasts, and new bone grows on preexisting dead trabeculae (Burchardt 1983 , Goldberg 1987 . The entrapped necrotic bone is then partially resorbed by osteoclasts, and the graft repaired and replaced by new bone in a process called creeping substitution (Burchardt 1983 ). The incorporation is preceded by revascularization and the source of stimulation and differentiation of osteogenic cells is probably the matrix in the form of bone morphogenetic protein.
While both Ti and HA surfaces benefited from the bone graft, the increase was much greater with Ti than HA implants. This had also been seen with unloaded primary implants (Søballe 1992a) . The stimulating effects of the bone graft seemed to be more effective in the absence of the osteoinductive HA coating.
In normal bone (e.g., primary implants), the osteogenic effect of HA seems to be sufficient to increase fixation. In bone which is less actively responsive (e.g., revision implants), the combination of bone graft and HA seems necessary in order to improve fixation to the level of a primary implant.
Both osteoconductive and osteoinductive processes will probably occur when a bone graft is used in combination with HA. Osteoinductive factors encourage osteoblast formation from undifferentiated mesenchymal cells, and include a variety of bone growth factors. Osteoconductive materials encourage bone cells to grow by serving as a passive scaffold, and they include bone allograft and implant surfaces, such as calcium phosphate and bioglass.
The combination of the osteoinductive growth factors in the bone allograft, the osteoconductive bone graft pieces, and the osteoconductive nature of the HA coating may explain the stronger fixation achieved in the present studyʼs revision setting. While the osteoconductivity of HA alone may be sufficient to strengthen fixation in normal bone, the additional stimulation of a bone graft seems to be needed when the activity of the host bone has been impaired-for example, due to a loose implant and the revision setting.
We found no histological signs of allograft rejection. Despite the fact that some of the antigenicity is retained by freezing (Burchardt 1983 , Goldberg 1987 , Stevenson et al. 1992 ), this did not seem to affect our results adversely. Clinically, the usefulness of an allograft is well established, and it has not been shown to be associated with rejection or antigenicity.
In view of the limitations inherent in extrapolating experimental results to clinical work, our findings confirm the value of combining a bone graft with HA-coated implants, when revising an aseptically-loosened implant. The clinically observed poorer function and higher loosening rate of revision implants may be improved when the dual stimulation of bone graft and HA is used.
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